A split Hopkinson pressure bar is used to obtain high-strain-rate, compressive mechanical properties of a uniweave AS4/3501-6 composite laminate with and without reinforcement stitching in the through thickness. For both in-plane and out-of-plane directions, the compressive mechanical properties of yield stress, yield strain, ultimate strength, ultimate strain, and modulus of elasticity are determined for strain rates varying from 234 to 1216 s ¡ 1 .
Reinforcement, through-thickness stitching of a laminate is a technique to improve laminate out-of-plane properties. Although ber-reinforced/polymer matrix composite materials can offer exceptional in-plane properties, interply delaminations caused by relatively weak out-of-plane loading or impact can severely damage a composite structure. Low-velocity studies have shown that reinforcementstitchingcan greatlyimproveinterlaminarfracture toughness and the compression strength after impact. 13 However, stitching is also known to add stress concentrations to the laminate and damage to the bers local to the reinforcement stitching.
Specimen Preparation
A total of 72 compressionspecimens in the shape of right circular cylinders: 0.2 in. in diameter and 0.3 in. in length ( Fig. 1) were machined from the laminate and prepared for testing. Two principal directions of the laminate are studied: the two direction (90 deg, inplane) and three direction (through thickness). Of the 72 specimens, 40 specimens in the one direction and three direction contain a single through-thicknessstitch. The three-directionspecimens with stitching have a single stitch centered and along the axis of the specimen, and the two-direction specimens with stitching have a single stitch centered along its length and perpendicular to its axis, as shown in Fig. 1 . The other 32 specimens have no reinforcement stitch within them.
With the material provided, the pitch of the stitching resulted in there only being one stitch per specimen. The right circular cylindrical specimens were also limited by the thickness of the panel from which the specimens were fabricated. However, the 0.2-in.-diam and 0.3-in.-length specimen is in the same order of size as all other tests conducted on the 3/4-in.-diam SHPB facility used in this study. The length to diameter ratio of 1.5 is the baseline value used by the authors.
Test Results
For completeness, all of the data from the 72 tests are presented in Tables 1 and 2. In Tables 1 and 2 , the data are grouped according to the nitrogen pressure used to initiate a test. Hence, all of the test pieces in a particular lettered group are replicates. The results are presented succinctly in tabular form. Because the initial portions of stress-strain curves in high-strain-ratetests are erroneous while the specimensreach a uniform state of stress,stress-strain curvesare not presented. These data are then presented statisticallyin Tables 3 and  4 , which provide mean values and standard deviations.Quasi-staticstrength tests were performed on an Instron universal machine at a strain rate of 0.05 in./min. Quasi-static-testdata for the shell material is provided in Table 5 . These data will allow other researchers to study and analyze the tests independently. 
Statistical Analysis
With the complexitiesof these high-strain-ratetests and the small sample sizes, note how small the coef cient of variance (COV) (i.e. the ratio of standard deviation to mean value, given as a percentage) is for the various mechanical properties as shown in Table 6 . The highest COV on a mechanical property value is 19.7% (on a modulus of elasticity), whereas the lowest COV is 0.6% (on an ultimate strain). This is probably because stresses and strains are determined directlyfrom the strain gaugedata, whereas the modulus of elasticity is the calculated ratio of these quantities.
To analyze trends from Tables 3 and 4 , it is important to de ne signi cant differences.For the present purpose, a quantity P is said to be signi cantly different from Q if the mean value of P falls outside the region of the mean §3 standard deviations of Q.
From the rst part of Table 3 (without stitch statistics), it is seen that there are signi cant differences in the range of strain rates for the two-direction, nonstitched specimens. The group A strain rate is signi cantly different from the other groups. Groups B, C, and E are signi cantly different from the other groups with the exception of group D. Group D is signi cantly different from the other groups with the exception of group E. Yielding, or permanent damage, that is, a deviation from a linear stress-strain relation, was not found in the two-direction specimen except at the low strain rate. Therefore, in the strain-rate range between 234.3 and 575.3 s ¡ 1 , a transition from ductile to brittle behavior must occur. This trend from ductile behaviorto brittlebehaviorhas been noticed in other polymer matrix composite materials. Failure of the specimens was achieved at each strain rate. As concerns ultimate strength, it is seen that these values exhibit little strain-ratesensitivity.Whereas ultimate strength values from groups B and C are only signi cantly different from group D, and group D is only signi cantly different from only group E, groups A and E are not signi cantly different from any groups. Ultimate strain values show strain-rate dependence with groups A and B signi cantly different from all other groups. Ultimate strain values of groups D and E show signi cant difference from the other groups with the exceptionof group B, and group C shows signi cant difference from the other groups with the exception of group D. Modulus of elasticity values show dependence on strain rate. The modulus of elasticity of group A is signi cantly different from all other groups whereas the remaining groups show some signi cant difference from other groups.
From the second part of Table 3 , strain rates of the two-direction, stitched specimens show little signi cant difference.Groups Bs and Cs show no signi cant difference from other groups. Group As is only signi cantly different from group Es, and groups Ds and Es are only signi cantly different from groups As and Bs. Failure of the specimens was achieved at each strain rate. Ultimate strength values show no signi cant dependence on strain rate. Ultimate strain values show some strain-rate dependence with groups As, Bs, and Cs being signi cantly differentfrom group Es, group Ds being signi cantly different from groups As and Bs, and group Es being signi cantly different from groups As, Bs, and Cs. Modulus of elasticity values show little strain-rate dependence with groups Bs, Cs, Ds, and Es being only signi cantly different from group As, and group As only being signi cantly different from group Es. From the rst part of Table 4 , strain rates of the three-direction, nonstitched specimens show signi cant differences. Groups F and I show signi cant difference from all other groups whereas the remaining groups exhibit some signi cant differencesto other groups. Yielding was not found in the three-directionspecimen except at the high strain rate. Therefore, in the strain-rate range between 1027.3 and 1173.4 s ¡ 1 , a transition from brittle to ductile behavior must occur. Failure of the specimens was achieved at each strain rate. Ultimate strength values show very little signi cant dependence on strain rate. Ultimate strength values of groups F, I, and J are statistically equivalent to all groups, whereas groups G and H are only signi cantly different from group F. Ultimate strain values show no strain-ratedependence.Modulus of elasticity values show very little strain-rate dependence with groups F, G, and H being statistically equivalent to all groups, group I being signi cantly different from group J, and group J being only signi cantly different from groups F and H.
From the second part of Table 4 , strain rates of the three-direction, stitched specimens show signi cant differences.Groups Fs, Gs, Hs, and Js show signi cant difference from all other groups with the exception of group Is, whereas group Is shows signi cant difference from all other groups with the exception of group Hs. Yielding was not found in the three-direction specimen except at the high strain rate. Therefore, in the strain-rate range between 1027. 3 
Discussion
For the two-direction, nonstitched specimens, ultimate strength values show little signi cant difference with strain rate, whereas ultimate strain and modulus of elasticity values show some signicant strain-ratesensitivity.Ultimate strain values show an increasing trend with strain rate, increasing 74% over the tested strain rates. Modulus of elasticity values show a decreasing trend with strain rate, decreasing 70% over the tested strain rates. Yielding was not found in the two-directionspecimen except at the low strain rate, indicating a transition from ductile to brittle behaviorin the strain-rate range between 234.3 and 575.3 s ¡ 1 . The two-direction,stitched specimens for the most part displayed little or no strain-rate dependence. Ultimate strength did not vary with strain rate. Ultimate strain showed some strain-rate dependence, and modulus of elasticity displayed very little strain-rate dependence. Ultimate strain values show an increasing trend with strain rate, increasing 61% over the tested strain rates. Modulus of elasticity values show a decreasing trend with strain rate, decreasing 33% over the tested strain rates. Yielding was not found in the two-direction specimen except at the low strain rate, indicating a transition from ductile to brittle behavior in the strain-rate range between 234.3 and 575.3 s ¡ 1 . In the comparison of the mechanical properties of the twodirectionspecimen with and without stitching, Fig. 2 shows ultimate strength of the nonstitched specimens being approximately 17% stronger than the stitched specimens at the 600-s ¡ 1 strain rate. This strength gap decreases with increasing strain rate until the strengths become equivalent near the 840-s ¡ 1 strain rate. Figure  3 shows the ultimate strain in the stitched specimens being initially lower than the nonstitched specimens. However, for strain rates above 690 s ¡ 1 , the ultimate strain of the stitched specimens becomesgreaterthan the nonstitchedspecimens.Modulusof elasticity values of the nonstitched specimens are greater than the stitched samples over the test strain rates (Fig. 4) , being about 71% greater than the stitched specimen modulus near the 575-s ¡ 1 strain rate and about 18% greater near the 850-s ¡ 1 strain rate. For the three-direction,nonstitched specimens, ultimate strength values and modulus of elasticityvalues show little signi cant difference with strain rate.Ultimate strengthand strain valuesare basically
at over the strain rates tested. Modulus of elasticity values show an increasing trend with strain rate, increasing 25% over the tested strain rates. Yielding was found in the three-direction specimen in only one of four specimens in group J. Therefore, a transition from ductile to brittle behavior in the strain-rate range between 1027.3 and 1173.4 s ¡ 1 may occur. The three-direction, stitched specimens for the most part displayed little or no strain-rate dependence. Ultimate strength and strain did not vary signi cantly with strain rate, and modulus of elasticity values displayed little signi cant strain-rate dependence.
Ultimate strength values are basically at over the strain rates tested whereas ultimate strain values increased 12.5% over the tested strain rates. Modulus of elasticity values show an increasing trend with strain rate, increasing 22% over the tested strain rates. Yielding was found in the three-direction specimen among two of four specimens in group Js. A transition from ductile to brittle behavior in the strain-rate range between 1027.3 and 1216.2 s ¡ 1 may occur.
In the comparison of the mechanical properties of the threedirection specimen with and without stitching, Fig. 5 shows the ultimate strength of the nonstitchedspecimens being approximately 16.7% stronger than the stitched specimens throughout the tested strain rates. Figure 6 shows ultimate strain values of the nonstitched specimens being about 27% greater than the stitchedspecimensover the tested strain rates. Modulus of elasticity values of the stitched specimens are slightly greater than nonstitchedsamples over the test strain rates (Fig. 7) , being about 10% greater than the nonstitched specimen modulus near the 590-s ¡ 1 strain rate and about 7% greater near the 1200 s ¡ 1 strain rate. Answers as to why the ultimate strength of the nonstitched specimens are generally greater than the stitched ones may be found by observing the failed specimens. The two-direction, nonstitched, failed specimens showed visible interply delamination,with the surviving plies becoming smaller in size with increasing strain rate. The two-direction, stitched specimens also showed visible interply delamination. However, the majority of the surviving plies were fractured midway across the plies, where the stitching had intersected it, suggesting that the reinforcement stitch may have acted as a stress concentration. The three-direction, nonstitched, failed specimens predominately fractured parallel to the loading direction into smaller disks, with the surviving fragments decreasing in size with increasing strain rate. The three-direction, stitched specimens also showed visible fracture predominately parallel to the loading direction. However, the majority of the surviving fragments were smaller than the nonstitched samples and showed fracture from the axis where the stitching had intersected it, suggesting that the reinforcement stitch may have acted as a stress concentration.
When quasi-static-strength results are examined, no difference in strength is observed between stitched and nonstitched specimens in the two directions. However, in the three directions, stitched specimens are 16.7% weaker than nonstitched specimens. Comparing quasi-static-strength test results to dynamic-strength values, signi cant differences exist between two-direction static values and dynamic values. The two-direction, nonstitched specimen average static strength is 38% lower than the highest average dynamic value, and the two-direction, stitched specimen average static strength is 35% lower than the highest average dynamic value. In the three directions, static strength values for both stitched and nonstitched specimens are in line with dynamic results and show no signi cant differences.
Conclusions
Some of the conclusions expressed in the Discussion section are repeated herein, for the strain-rate ranges tested.
Two Direction
In the nonstitched material, the following results are noted: 1) The ultimate strain increased 74%. 2) Compressive modulus of elasticity decreased 70%. 3) Yielding (or the start of signi cant damage) was not found before failure except at lower strain rates; hence, a transformation to brittle behavior occurs between strain rates of 234 and 575 s ¡ 1 . In the stitched material, the following results are noted: 1) Ultimate compressive strength did not vary with strain rate. 2) Ultimate strain increased 61%. When dynamic properties are compared with quasi-static properties, the following results are noted: 1) Quasistatically,there is no difference in compressive strengths between stitched and nonstitched materials.
2) Signi cant differences exist between dynamic and static property values.
3) In nonstitched material, the highest dynamic compressive strength is 61% higher than the static value. 4) In the stitched material, the highest value for dynamic compressive strength is 54% higher than the static value.
Three Direction
In the nonstitched material, the following results are noted: 1) Compressive ultimate strength values are constant over the strain rates measured.
2) Compressive modulus of elasticity increases 25% over the various strain rates.
3) Stress and strain are linear over the entire range of strain rates tested.
In the stitched material, the following results are noted: 1) Compressive ultimate strength did not vary with strain rate.
2) Ultimate strain values increase 12.5% over the strain rates tested.
3) Compressive modulus values increased 22%.
When stitched and nonstitched materials are compared, the following results are noted: 1) Over the strain rates tested, the compressive ultimate strength of the nonstitched material is 16.7% higher.
2) Ultimate strain values of the nonstitched material are 27% greater than the stitched material.
3) Modulus of elasticityvalues for the nonstitchedmaterial varies between 7 and 10% greater than that of the stitched material.
When dynamic properties are compared to quasi-static properties, there are no signi cant variations between static and dynamic values.
